Ultramafic and mafic xenoliths entrained in late Oligocene dikes of intraplate origin provide information about the composition of the lower crust and the processes operating beneath the eastern Rhodope metamorphic core complexes Biala Reka and Kesebir, in southeastern Bulgaria. The cumulates comprise a series of high-to medium-pressure rocks represented by olivine websterites, orthopyroxenites, clinopyroxenites, websterites, and gabbros. Thermobarometric studies and comparison with experimental works suggest that the cumulate sequence formed from hydrous (>3 wt%) mafic magma at pressures of 14-9 kilobars (45-30 km) and temperatures of 1200-850 °C.
INTRODUCTION
Intrusion of mantle-derived magmas at or near the base of the crust, known also as mantle underplating, is believed to be the major process causing extension in the tectonic areas where metamorphic core complexes are developed (Gans, 1987; Gans et al., 1989; Wilshire, 1990; Fyfe, 1992; White, 1992) . The consequences of underplating of mafic magma are twofold: (1) it may significantly modify the thermal and mechanical properties of the crust, thus enhancing deformation and strain localization in an extensional environment (Lynch and Morgan, 1987; Chèry et al., 1989; Gans et al., 1989; Geoffroy, 1998; Corti et al., 2003) , and (2) it causes the production of more evolved magmas either by fractional crystallization and crustal contamination or by partial melting, which in turn transfers heat from the lower crust into the middle crust (Hill et al., 1995) .
The role of differentiated granite-granodiorite intrusions in the formation of local topographic culminations has been clarified by many authors (Lister and Baldwin, 1993; Hill et al., 1995; MacCready et al., 1997) . These authors argue that granite-granodiorite intrusions, transferring the heat from lower to middle crust, heat the crust above the normal geothermal gradient and facilitate deformation and mylonite formation. Although it is widely accepted that underplating plays a major role in core complex formation, examples of mantle-derived magmas and studies of their effect on the formation of the core complexes are still missing. The major problem in clarifying these issues is the lack of access to the deepest levels of the core complex structures. Numerous xenolith suites (e.g., Conrad and Kay, 1984; Ho et al., 2000; Sachs and Hansteen, 2000; Dobosi et al., 2003; Cvetcović et al., 2004; Kovács et al., 2004) as well as large masses of tectonically exposed igneous pyroxenites and gabbros from the mantle-crust transition in oceanic (e.g., Kohistan, Pakistan, and the Talkeetna area, Alaska; Coward et al., 1986; DeBari and Coleman, 1989 ) and continental (e.g., the Ivrea zone and Val Malenco in the Alps; Rivalenti et al., 1981; Hermann et al., 2001 ) arc settings have been reported, but none of them has been related to core complex formation. Descriptions of xenoliths from metamorphic core complex-associated magmatism come from two areas: the Menderes massif in Turkey (Çakir et al., 1999) and the core complex belt in southeastern California and western Arizona (Wilshire, 1990) , both of which exhibit many evolutionary similarities to the southeast Bulgarian metamorphic core complexes discussed here (see Marchev et al., 2004b) . Petrological studies by Rivalenti et al. (1984) and structural studies by Quick et al. (1994) suggest that mafic underplating in the Ivrea zone occurred in an extensional setting. Thus, the Ivrea zone seems to be another suitable candidate for the processes that might occur in the deepest levels of a core complex.
Studies of the xenoliths entrained in the late Krumovgrad alkaline basaltic dikes in the eastern Rhodopes provide an unusually deep view into the mantle and the lower crust of two metamorphic core complexes and an opportunity to test the models proposed for the role of the magmatism in the core complex formation. Here we provide preliminary data on the mineral composition and texture of these xenoliths and calculate the P-T conditions of their crystallization. On the basis of these data, we conclude that ultramafic and mafic magmas crystallized at depths of 40-30 km, close to or beneath the current Moho. We speculate that this magmatism may have provided the heat and fluids for thermal and hydrothermal events during the late Eocene .
GEOLOGICAL FRAMEWORK

Geological Setting
The eastern Rhodopes occupy the eastern part of the Rhodope metamorphic province. The latter is a large accretionary orogen that is regarded as the most internal zone of the Alpine-Himalayan orogenic system in the eastern Mediterranean region, outcropping mainly in southern Bulgaria and northern Greece (Fig. 1) . The Rhodope massif is bounded to the north against the Srednogorie zone by the Maritsa fault. To the west, it is separated from the Serbo-Macedonian massif by a tectonic contact interpreted as a middle Miocene-late Pliocene detachment fault (Dinter and Royden, 1993) . The southern and southeastern parts of the massif are hidden beneath the Aegean Sea and the Thrace basin.
According to recent ideas, the Rhodope massif is a complicated Alpine nappe structure (e.g., Ivanov, 1989; Burg et al., 1990 Burg et al., , 1996 that consists of amphibolite-facies metamorphic basement derived from magmatic and sedimentary protoliths locally enclosing eclogites. The pre-Alpine history of the massif is poorly known. Available data suggest the existence of extensive Late Carboniferous magmatism (290-310 Ma; Liati and Gebauer, 1999; Ovtcharova et al., 2002; Peytcheva et al., 2004; Ovtcharova, 2005) and accompanying metamorphism . Magmatism of Late Neoproterozoic age (572 ± 5 Ma) and much older ages (3230-1600 and 2500-660 Ma) from a few inherited zircon cores (Liati and Gebauer, 2001; Carrigan et al., 2003) suggests that the metamorphic basement is Variscan or older.
In Alpine times, the Rhodope Massif was characterized by a complicated tectono-metamorphic evolution. Ivanov (1989) and Burg et al. (1990) recognized two major phases or deformation styles within the evolution of the massif. The first compressional stage, with large-scale south-vergent thrusting and amphibolite-facies metamorphism, was suggested to have culminated during the Middle Cretaceous (110-90 Ma; Zagortchev and Moorbath, 1986) . The subsequent extensional phase involved exhumation of the thrust complex, formation of a brittleductile detachment, and core complex development. It was proposed to have been initiated in the Late Cretaceous by the emplacement of weakly deformed granitoid bodies dated at ca. 80 Ma (Peytcheva et al., 1998) , and then to have been continued with the formation of Early Tertiary graben structures filled with continental sediments and volcanic rocks. Ricou et al. (1998 ), Yanev et al. (1998 , Marchev et al. (1998a,b) , and Bonev et al. (accepted[AQ2] ). Outlined is the distribution of the alkaline basaltic dikes. The inset shows the position of the Rhodope massif with respect to the major tectonic units in southeastern Europe. SMM-Serbo-Macedonian massif.
Regional Geology of the Eastern Rhodope Region
Metamorphic rocks in the eastern Rhodope region in Bulgaria and Greece consist of tectonometamorphic complexes that are characterized by different degrees of metamorphism and geochronologic ages (Mposkos and Krohe, 2000) . These units are separated, at least locally, by tectonic contacts of predominantly extensional origin (Krohe and Mposkos, 2002) . In Bulgaria, they are represented by a gneiss migmatite complex as the lowermost structural unit and an overlying variegated complex of mixed metasedimentary and metaigneous protoliths as an upper structural unit (Kozhoukharov et al., 1988; Haydoutov et al., 2001) . These metamorphic complexes represent the lower-and upper-plate rocks of the extensional low-angle detachment fault systems. The upper tectonic unit comprises interlayered amphibolites, marbles, various schists, and gneisses enclosing eclogite lenses and metaophiolites. The lower tectonic unit is composed of para-and predominant orthogneisses and migmatitic gneisses, intercalated at different stratigraphic levels with schists and amphibolites.
Core complex development in the eastern Rhodopes was part of the protracted extensional history of the Rhodope massif. Local evidence indicates that crustal extension may have begun as early as the Late Cretaceous. It is marked by metamorphism in the upper (variegated) complex (73-62 Ma; Liati et al., 2002) and emplacement of a series of granitoids at the Biala Reka dome (ca. 70 Ma; Marchev et al., 2004b) and by undeformed metamorphic pegmatites (65 Ma; Mposkos and Wawrzenitz, 1995) . This suggests that both midcrustal granite intrusion and mantle to lower-crustal metamorphism occurred at the same time, marking the initiation of the extensional development of the core complex.
Extension along continuously mappable low-angle detachment faults formed the Biala Reka and Kessebir metamorphic core complexes (Burg et al., 1996; Ivanov et al., 2000; Mposkos and Krohe, 2000; Bonev, 2002; Krohe and Mposkos, 2002) and led to the formation of sedimentary basins with several unconformities developed during syntectonic continental and marine sedimentation and exhumation of ultra-high-pressure metamorphic lithologies. Continental clastic sedimentation started in Maastrichtian-Palaeocene time in the area north of the Kessebir dome structure (Goranov and Atanasov, 1992; Goranov, 1994, 2001) , which is coeval with or slightly younger than Late Cretaceous metamorphism and granitoid magmatism. Metamorphism, uplift, and cooling of the Variegated Complex from 500 °C to 300-350 °C was suggested to have occurred in the age interval 45-39 Ma (Bonev et al., 2005) on the basis of the 40 Ar/
39
Ar ages from amphibole and muscovite determined by Mukasa et al. (2003) . Similar timing of the metamorphism, exhumation, and cooling (47-35 Ma) was suggested for the analogous unit of the eastern part of the central Rhodope dome by U-Pb and 40 Ar/
Ar dating of monazite and biotite, respectively (Ovtcharova, 2005) . Cooling and exhumation of the lower unit from the Kessebir dome occurred between 38 and 37 Ma (Bonev et al., 2005) , followed by normal faulting under brittle conditions, accompanied by hydrothermal activity and formation of the high-grade low-sulfidation Au deposits Ada Tepe and Rosino at 35-36.5 Ma ( Fig. 1 ; Marchev et al., 2003 Marchev et al., , 2004a Bonev et al., 2005) . Similar cooling or exhumation ages of between 42 and 36 Ma for the lower unit have been obtained for the Greek part of the two structures based on K-Ar ages by Lips et al. (2000) and Krohe and Mposkos (2002) and for the central Rhodope dome (37-35 Ma) on the basis of U-Pb dating of monazite and 40 Ar/
Ar dating of biotite by Ovtcharova (2005) . Widespread late Eocene-Oligocene volcanism (39-26 Ma), developed in several volcanic areas coeval or subsequent to sedimentary basin formation, is an important feature of the geology of the eastern Rhodope. It is dominated by intermediate to acid lavas and associated volcaniclastic products and by subordinate basic varieties (Harkovska et al., 1989; Marchev et al., 1998a) . The temporal and spatial coincidence of these events with the late-stage episode of extension suggests that the volcanism was synextensional (Marchev et al., 2004b) rather then collision-related (Yanev and Bardintzeff, 1997; Yanev et al., 1998) . Magmatic activity in the two dome structures terminated with the emplacement of numerous xenolith-bearing dikes of intraplate basalt (the Krumovgrad alkaline basalts; Marchev et al., 1997 Marchev et al., , 1998b , which are the subject of the current article.
Krumovgrad Alkaline Basalts
Xenolith-bearing alkaline basaltic dikes (Mavroudchiev, 1964; Marchev et al., 1997 Marchev et al., , 1998b Marchev et al., , 2004b are located 20-30 km southeast of the town of Krumovgrad (Fig. 1) . The emplacement of the dikes is controlled by three major fault systems, striking east-west, north-south, and northwest-southeast. The dikes crop out over an east-west-oriented area of 1000 km 2 in the Biala Reka and Kessebir domes. They were intruded into both the gneiss-migmatite and the variegated complexes of the Rhodopean metamorphic basement at ca. 26-28 Ma (Marchev et al., 1997) . Most of the dikes are 0.5-2 m thick, except a northsouth-striking dike that is up to 40 m thick.
The dikes have basanitic to lamprophyric (camptonite) compositions (Marchev et al., 1998b) . Olivine and clinopyroxene are the most common phenocrysts in the basanites from the western dikes, accompanied by amphibole megacrysts in the lamprophyres from the eastern dikes. Sanidine and biotite are rare. The groundmass in the basanites is fine-grained in the small dikes and near contacts of thicker dikes. The groundmass is holocrystalline in the interior of the largest dike, which is composed of microlites of Ti-augite, plagioclase, amphibole, Fe-Ti-oxides, and interstitial K-feldspar, analcite, and biotite. The panidiomorphic groundmass is typical of the lamprophyres. It contains euhedral kaersutite and plagioclase, as well as lesser clinopyroxene and magnetite grains with abundant interstitial analcite and sanidine.
The 
Xenolith Sampling and Analytical Methods
Xenoliths were observed in three dikes; however, more than 90% of the studied samples were collected from the largest dike in the area. From about thirty samples collected, eighteen were chosen for detailed mineralogical and geochemical studies, but only two were large enough for bulk chemical analysis.
The modal mineralogy and crystallization sequence of the Krumovgrad xenoliths are presented in Table 1 . Minerals were analyzed for major elements on an automatic wavelengthdispersive JEOL Superprobe 8800R at Kanazawa University and on a JEOL 870 Superprobe at the University of Florence using the ZAF and Bence and Albee (1968) correction methods, respectively. Typical operating conditions were 20 keV accelerating potential, 20 nA beam current, and 3µm beam diameter at Kanazawa and 15 keV accelerating potential, 20 nA beam current, and 1 µm beam diameter at Florence. Natural and synthetic minerals were used for standards. Most reported analyses represent the average of at least two single-point analyses.
The whole-rock compositions of the two large xenoliths were determined using a Rigaku 3270 X-ray spectrometer on fused pallets at the Department of Earth Science, University of Kanazawa. In order to avoid contamination by the host basalts, the outermost zone of the xenoliths was removed by cutting with a diamond-disk saw. The xenoliths were crushed by hand in steel mortars and ground in an agate swingmill. The XRF analyses were performed under an accelerating voltage of 50 kV and a beam current of 20 mA.
Age of the Cumulates
Dating of the xenoliths entrained in high-temperature host lavas is problematic, because all of them were heated above the blocking temperature of most geothermometers (600-700 °C). In situ U-Pb dating of zircon crystals observed in some thin sections might be suitable and has been planned in the near future.
The age of the host basalts constrains the age of the xenoliths to 26-28 Ma. However, the findings from salitic xenocrysts, similar to those from some xenolithic lithologies in the 32-31 Ma lavas of the neighboring volcanic rocks (Raicheva, 2004, personal commun.) , suggest that the cumulates might be older than 31 Ma.
Xenolith Rock Types, Texture, and Structure
Xenoliths in the Krumovgrad alkaline basalts are of three dominant types: (1) mantle peridotites, (2) ultramafic and mafic cumulates, and (3) metamorphic rocks from the Rhodopean metamorphic basement. Mantle xenoliths and xenoliths from the metamorphic basement are beyond the scope of this article, which is focused on the igneous cumulate rocks.
Ultramafic and mafic cumulate xenoliths are rounded to subrounded, rarely rectangular, ranging in size from <1-7 cm. They are composed of variable amounts of olivine, clinopyroxene, orthopyroxene, amphibole, plagioclase, and minor sulfides, spinel, and apatite; some contain interstitial fresh or devitrified glass. The xenoliths can be divided on the basis of mineral assemblages into two groups: ultramafic and gabbroic. The ultramafic xenoliths may be further subdivided into olivine websterites, websterites, clinopyroxenites, and orthopyroxenites. The gabbroic group is divided on the basis of the pyroxene composition into two-pyroxene gabbro and clinopyroxene gabbro. 
Bz24-5c; augite gabbro
Modal layering was observed in some clinopyroxenite-gabbro and two-pyroxene gabbro xenoliths (Fig. 2) . It is defined by alternation of centimeter-scale clinopyroxenite and clinopyroxene gabbro in sample Bz03-2/6 ( Fig. 2A) or millimeter-scale alternation of plagioclase and clinopyroxene in the clinopyroxene gabbro in sample Bz03-2/5 (Fig. 2B ) or of plagioclase, orthopyroxene, and clinopyroxene in the two-pyroxene gabbro in sample Bz24-5c (Fig. 2C) .
Olivine Websterites. These rocks are represented only by sample Bz24-3. It is dominated by large (up to 5.0 mm) olivine grains with well-expressed kink banding (Fig. 3A) , clinopyroxene, and rare orthopyroxene. Blobs of sulfides are common.
Websterites. These rocks are medium-to coarse-grained with cumulitic texture. They are composed mostly of orthopyroxene and clinopyroxene with minor amphibole in sample Eg97-1 (Fig. 3B) . The corroded and rounded amphibole crystals in this sample appear to have crystallized before the host clinopyroxene. At the junction of orthopyroxene and clinopyroxene crystals, websterites contain pockets of light to dark brown glass and/or crypto-to microcrystalline aggregates.
Clinopyroxenites. These rocks are medium-to coarsegrained with clinopyroxene crystals up to 5.0 mm in length. Four different types of clinopyroxenites can be distinguished on the basis of clinopyroxene composition and associated minerals: augite clinopyroxenites (IIEG7, IIEG18, Bz24-3c); salite clinopyroxenites (Bz24, Bz03-2/6); ore (ilmenite-sulfide) clinopyroxenites (Eg97-4a); and hornblende-pyroxenites (Bz24-5a, 26-2a). Ilmenite and magnetite ( Fig. 3C ), ilmenite and sulphide blebs ( Fig. 4A) , spinel, and apatite are present mainly in the salite clinopyroxenites. A distinctive ore clinopyroxenite, sample Eg97-4a, contains subhedral cumulus grains of apatite and clinopyroxene surrounded by intercumulus sulfides and ilmenite (Fig. 4B ). These textural and mineralogical features suggest an origin by emplacement of volatile-and sulfide-rich melt. The presence of a large quantity of apatite and Ni and Coenriched sulfide minerals suggest that P and S played a major role in the separation of the iron-oxide-sulfide melt and was an important constituent of the volatile phase. Amphibole is present in trace in sample IIEG7 ( relationships showing that amphibole replaces or poikilitically encloses clinopyroxene grains. This is evidenced by ragged clinopyroxene crystals and abundant patches of the amphibole within the clinopyroxene crystals.
Orthopyroxenites. This group is represented by two samples ~2 cm in diameter. They are almost entirely composed of coarse orthopyroxene crystals with traces of clinopyroxene (Bz24-1) and olivine (IIEG14). Rare spinel inclusions were observed in Bz24-1.
Clinopyroxene Gabbro. These xenoliths are feldspar-rich rocks with plagioclase constituting more than 50% of the rock. They can be divided into salite gabbro (Bz03-2/5, Bz03-2/6) and augite gabbro (Bz24-5c). The former are among the most abundant and largest xenoliths, reaching up to 7 cm. They show typical cumulate texture consisting of cumulus plagioclase and intercumulus green (salitic) clinopyroxene accompanied by rare early apatite and sulfides. The sieve textures in the clinopyroxene suggest incipient partial melting. The augite gabbro (Bz24-5c) is coarser-grained than the salite gabbro. The textural relationships suggest simultaneous crystallization of the clinopyroxene and plagioclase. Early cubanite is found in the clinopyroxene.
Two-Pyroxene Gabbro. This gabbro (Bz24-5b) shows wellexpressed layering with aligned subhedral clusters of enstatite or clinopyroxene enclosing euhedral plagioclase crystals. Orthopyroxene shows thin reaction rims of clinopyroxene with the plagioclase (Fig. 3F) .
Whole-Rock Chemistry of Websterites and Gabbro
The whole-rock major-and trace-element compositions for a websterite and a gabbro are shown in Table 2 . The major-element abundance patterns are in accordance with the cumulus mineralogy. Websterite IIEG99-2 has high MgO (16.8 wt.%) and CaO concentrations, whereas gabbro Bz03-2/5 is depleted in MgO (9.7 wt%) and enriched in CaO and Al 2 O 3 . Both samples are silica-undersaturated with low contents of TiO 2 , K 2 O, and P 2 O 5 .
Mineral Chemistry
Olivine. Olivine was found only in the olivine websterite Bz24-3 and orthopyroxenite IIEG14 from the ultramafic cumulate sequence. Representative analyses are given in Table 3 . The forsterite content of the olivine is similar (around 83-84) in the two samples. The CaO contents vary between 0.03 and 0.08 wt %, and the MnO contents are rather uniform (0.23-0.29 wt%). The NiO ranges from 0.18 to 0.39 wt%.
Clinopyroxene. Clinopyroxene (Table 4) shows a wide compositional range (Mg #, 89.0-55.0; Al 2 O 3 , 2.04-10.10 wt%; and Na 2 O, 0.31-1.67 wt%). Those in the ultramafic group are predominantly diopsides and augites. Variations of the Mg # (up to 10) within individual rock samples are seen in the websterites and ore clinopyroxenites. Clinopyroxene exhibits two trends of compositional variation: (1) diopside to salite in the amphibole clinopyroxenites, salitic clinopyroxenites, and gabbros and (2) diopside to augite in the ore clinopyroxenites and two-pyroxene gabbro (Fig. 5) . Similar trends have been observed in the pyroxenes from Adak island xenoliths (Conrad and Kay, 1984) and in the exposed ultramafic-mafic lower-crustal section from Tonsina-Nelchina (DeBari and Coleman, 1989) . The highFe salitic clinopyroxenes in the Krumovgrad gabbros and the clinopyroxenites form a comparatively isolated group.
Clinopyroxenes from the ultramafic orthopyroxenite Bz24-1, olivine websterite Bz24-3, some websterites and clinopyroxenites, and hornblende clinopyroxenite Bz26-2a display a trend of increasing Al with decreasing Mg # (Fig. 6 ). Gabbros along with some websterites and clinopyroxenites are slightly displaced from that trend. Ore clinopyroxenites and two-pyroxene gabbro exhibit the lowest Al contents and variation of the Mg # between 76 and 63, forming quite a distinct subhorizontal trend. Two trends of correlation between Al and Mg #, similar to our ultramafic and ore clinopyroxenite / two-pyroxene trends, were observed for the cumulate rocks from Tonsina-Nelchina by DeBari and Coleman (1989) and DeBari (1997) . These two trends have been attributed to high-and low-pressure crystallization conditions, respectively. A third trend, subparrallel to that of the ultramafic rocks, has been observed in the salite clinopyroxenites and gabbros.
Orthopyroxene. Orthopyroxene ranges from bronzite (Mg # 91) in the othopyroxenite Bz24-1 to hypersthene (Mg # 55.3) in the two-pyroxene gabbro Bz24-5b (Table 3 ). The Ca content is low (0.86-1.33 wt%). Orthopyroxene shows a pronounced trend of Al enrichment (Fig. 6B ) from high-Mg # ortho- pyroxenite Bz24-1 to low-Mg # websterites (Eg97-1, IIEG99-2), with two-pyroxene gabbro (Bz24-5b) falling outside of this trend. Plagioclase. The plagioclase in the gabbro xenoliths shows overall compositional variation between An 60 and An 40 but smaller variation within single samples (Table 5 ). In the twopyroxene gabbro, the plagioclase cores (An 48-40 ) are surrounded by anorthoclase rims (An 13 Ab 70 Or 17 ) (Fig. 3F) . The chemical range of plagioclase in the Krumovgrad xenoliths is similar to that of gabbroic xenoliths (An 56-36 ) from the Pannonian basin (Kovács et al., 2004) , but much lower than that from Adak island (An 95-88 ; Conrad and Kay, 1984) .
Amphibole. The amphibole in the Krumovgrad xenoliths and megacrysts ranges from pargasite/hastingsite to kaersutite (Table 6 ). The variation of Mg # and TiO 2 in the xenoliths is more limited, from 71.7 to 77.8 and 0.85-3.45, respectively, with the lowest Ti, Ca, and K in the amphibole from websterite Eg97-1. These amphiboles are similar to those from the Nógrád-Gömör volcanic field, Hungary (Kovács et al., 2004) , the East Eifel volcanic field (Sachs and Hansteen, 2000) , and Pengu island (Ho et al., 2000) . The only exception is the amphibole in hornblende clinopyroxenite Bz26-2a, which shows compositional variation and zonation similar to those in the megacrysts. These crystals are reversely zoned with an iron-rich core (Mg # 51), surrounded by a more Mg-rich rim (Mg # 77-71).
Small amphibole crystals that occur as inclusions in the clinopyroxene crystals of clinopyroxenite IIEG7 (Fig. 3D ) and websterite Eg97-1 (Fig. 3B ) are characterized by very high Cr content (0.32 and 0.73-0.61 wt%, respectively). However, they considerably differ in their contents of Ti and K. The concentrations of Ti and K in the amphibole from IIEG7 are similar to that of amphibole from the amphibole clinopyroxenite and megacrysts and probably have a similar origin. The strongly corroded amphibole remnants in the clinopyroxenite crystals in websterite Eg97-1 are notable for their very low Ti and K contents and minor substitution of Al IV for Si. Early highCr amphiboles are reported in ultramafic xenoliths from olivineaugite-amphibole cumulate from Grenada (Cr up to 0.78 wt%; Arculus, 1978) and olivine clinopyroxenite from Adak island (Cr up to 0.55 wt%; Conrad and Kay, 1984) . In both occurrences, it is noted that amphibole was a near-liquidus phase that crystallized before substantial clinopyroxene crystallization could deplete the melt in Cr.
Spinels and Ilmenite. Spinel is a relatively scarcely represented phase in the Krumovgrad xenoliths (Table 7) . Cr-Al spinel occurs in the most Mg-rich orthopyroxenite, Bz24-1. The spinel in the amphibole clinopyroxenite Bz24-5a is Al-rich pleonaste. Fe-Ti oxides (ilmenite and magnetite) are typical of the high-Fe salitic clinopyroxenites. In these rocks, ilmenite occurs separately and is intergrown with Ti-magnetite (Bz24-5b), where it forms elongated (up to 500 µm long and 100 µm wide) crystals (Fig. 3C) .
Sulfides. Most of the cumulates contain globules of sulfides. Spherical bodies of up to 70 µm are included in olivine, clinopyroxene, amphibole, and plagioclase. Intergrowth with ilmenite was also observed in the sulfide globules ( Fig. 4A ; Table 8 ). In the ore clinopyroxenites (Eg97-4a), sulfides form intercumulus crystals along with discrete ilmenite (Fig. 4B) . Microprobe analyses show that the principal minerals are pyrrhotite and cubanite, with subordinate pyrite and chalcopyrite. Small amounts of Ni, Co, and Zn were detected in some sulfides.
The total of the electron microprobe analyses for most of the sulfides is between 95 and 98 wt%, with the highest and lowest values 101 and 93.5 wt%, respectively. Similar summations were obtained by Upton et al. (2000) for the sulfides from cumulates from Piton de la Fournaise, Réunion. Ion microprobe analyses by these authors confirmed that this is due to the significant amounts (>3 wt%) of oxygen in their sulfides, which might also be the case in the Krumovgrad cumulitic sulfides. Alternatively, the low total might be due to analytical error.
Estimates of Intensive Parameters for Pyroxene-Bearing Xenoliths
Temperature and Oxygen Fugacity. The temperature of crystallization of the xenoliths was estimated using the twopyroxene geothermometers of Wood and Banno (1973) and Wells (1977) , the QUILF 4.1 software of Andersen et al. (1993) , and the olivine-clinopyroxene geothermometer of Loucks (1996) . The QUILF program was also used to calculate the twooxide temperatures and oxygen fugacity (fO 2 ) for sample Bz03-2/6. The results of the thermometric calculations are listed in Table 9 . The pyroxene pairs, regarded as reflecting equilibrium at the time of crystallization, indicate temperatures of 1070-900°C
, decreasing from olivine websterite toward gabbro. The coexisting olivine-clinopyroxene in sample Bz24-3 yields a temperature of ~1200 °C, considerably higher than that of the clinopyroxene-orthopyroxene pair (1074 °C). The Fe-Ti oxide pair in the clinopyroxenite layer of the composite clinopyroxenite-gabbro xenolith Bz03-2/6 yields the lowest temperature in the entire xenolith suite, 850 °C. The estimated fO 2 at this temperature (-13.89) is slightly above that of the Ni-NiO buffer.
Depth of Crystallization of the Xenoliths. The pyroxenes have variable Al VI /Al IV ratios (0.05-2.84; Table 3 ). Except for some high-Fe clinopyroxenes, which plot in the field of lowpressure phenocrysts of volcanic rocks, most of them fall in the granulite-clinopyroxenite field of Aoki and Shiba (1973) , implying pressures close to those of the lowermost crust and possibly those in the uppermost mantle (Fig. 7) . The geobarometer of Nimis (1995) , based on cation distribution between M1 and M2 sites in the clinopyroxene structure, provides further constraints on the pressure conditions at which the xenoliths were formed. The calculations made using the Cpxbar program of Nimis and Ulmer (1998) and Nimis (1999) for hydrous basalt quartz to nepheline-normative mafic trachybasalt, basanite, tephrite, and mildly alkaline hydrous melts (discussed later) gave a pressure range for all the investigated xenoliths of 14-9 kilobars, decreasing from the ultramafic to the plagioclase-bearing gabbroic rocks (Table 8) . Comparable pressures (14.9-11.3 kilobars) have been estimated by Dobosi et al. (2003) for the megacrysts and pyroxenite xenoliths from the Lake Balaton pliocene alkali basalts of the Pannonian basin, Hungary. Lower pressures (9-4 kilobars) were obtained by Kovács et al. (2004) for the pyroxenites from the neighboring Nógrád-Gömör volcanic field. The data obtained point to a depth interval of ~45-30 km for the equilibration of the xenoliths. The present-day Moho below the area is estimated at ~35 km (Velev, 1996; Papazachos and Skordilis, 1998) , suggesting that most of the ultramafic xenoliths were equilibrated close to or beneath the current crustmantle boundary zone.
Water Content (Volatile Components). The high-pressure experimental work of Müntener et al. (2001) with primitive basalts and high-Mg andesites clearly demonstrated that olivinefree, predominantly pyroxenite ultramafic plutonic rocks crystallized from hydrous (>3% H 2 O) magmas in high-pressure (12 kilobars) conditions. According to these authors, high H 2 O content suppresses plagioclase crystallization (see also Gaetani et al., 1993) and leads to the crystallization of amphibole and garnet. They also concluded that in the absence of a major alumina phase, the alumina in the liquids correlates positively with the Al in pyroxene, experimentally explaining the observed trends of increasing Al with fractionation in the arc-related pyroxenes in Talkeetna and Kohistan. The rarity of olivine is due to the narrow crystallization temperature interval of olivinebearing assemblages and/or to peritectic reactions of the type olivine + liquid = pyroxenes.
The rarity of olivine-bearing varieties and the pressure estimates and chemistry of the pyroxenes of the Krumovgrad xenoliths match very well the experiments of Müntener et al. (2001) , suggesting crystallization from comparatively hydrous primitive magma with more than 3 wt% H 2 O. Additional evidence for the high water content of the ultramafic magma stems from the presence of early high-Cr amphibole in the wehrlite Eg97-1 and the comparatively low temperature of crystallization of the rock (1025-1000 °C). 
DISCUSSION
Comparison to Arc Cumulate Rocks and Xenoliths from Arc Magmas and Intraplate Basalts
Xenoliths that form series of ultramafic to gabbroic types are common in many calc-alkaline magmas of active arcs (e.g., the Aleutian arc; Conrad and Kay, 1984) or intraplate basalts (e.g., those of the Penghu islands, south China Sea, Ho et al., 2000 ; the East Eifel volcanic field, Sachs and Hansteen, 2000 ; Lake Balaton and the Nógrád-Gömör volcanic field, Pannonian basin, Hungary, Dobosi et al., 2003, and Kovács et al., 2004; and eastern Serbia, Cvetcović et al., 2004) . To our knowledge, the only xenolith localities in the areas of extension and core complex formation were reported by Wilshire (1990) from the southwestern Basin and Range Province (USA) and by Çakir et al. (1999) from the Menderes massif (southwestern Turkey). Recently Marchev et al. (2004b) demonstrated that the eastern Rhodopes and these two regions experienced similar magmatic evolution, which ended with the intrusion of alkaline basalt. Wilshire (1990) described variable peridotites, igneous textured pyroxenites, and mafic to intermediate gabbros. An association of cumulate lherzolites, pyroxenites, hornblendites, and gabbros was described by Çakir et al. (1999) . According to these authors,
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P. Marchev et al. hornblendites were the product of early segregation of the host magma, whereas the remaining xenoliths were formed during earlier volcanism. Surface exposures of ultramafic to mafic cumulate complexes hundreds of meters to kilometers thick are described from the Talkeetna area, Alaska (De Bari and Coleman, 1989; DeBari and Sleep, 1991; Kelemen et al., 2003) and the Kohistan terrane of northern Pakistan (Khan et al., 1993; Miller and Christensen, 1994; Burg et al., 1998; Ringuette et al., 1999) , the Ivrea zone in northern Italy (Mehnert, 1975; Rivalenti et al., 1981 Rivalenti et al., , 1984 Quick et al., 1994) , and Cabo Ortegal (Galicia, northwestern Spain; Girardeau et al., 1989) . These complexes have been interpreted to be the remnants of magma chambers emplaced at the base of the crust, close to the upper mantlelower crust transition.
Generalized sections of the exposed arc cumulates include thick pyroxenites bracketed between underlying mantle peridotites and overlying gabbroic rocks with a transitional zone between them often containing garnet-bearing gabbroic lithologies. Small-sized deposits of Cu-Ni-Fe sulfides with minor quantities of ilmenite and magnetite and platinum-group minerals are typical of the pyroxenite sections of the Ivrea and Kohistan cumulates (Garuti et al., 1986 (Garuti et al., , 1990 Miller et al., 1991) .
Xenoliths from the eastern Rhodope lavas cover most of the xenolith types found in the exposed sections of ultramafic to mafic cumulate complexes. The most striking differences between the Krumovgrad and arc xenolith or cumulate complexes are the absence of garnet-bearing varieties and the An-poor composition of the plagioclases in the gabbroic types. The absence of garnet-bearing varieties can be explained by the incomplete sampling and/or by the rarity of the garnet rocks that usually comprise comparatively thin layers in the exposed sections. Another explanation could be the crystallization of the magmas at P-T conditions above the stability field of garnet. Experimental data on the crystallization of tholeiitic to highalumina magmas at high pressure (Green, 1969 (Green, , 1982 demonstrate that garnet and clinopyroxene appear on the liquidus at pressures from 18 to 27 kilobars and temperatures between 1200 and 1450 °C, although Müntener et al. (2001) synthesized garnet at pressures as low as 12 kilobars and temperatures of 1070-1110 °C. Alternatively, a higher content of H 2 O in the eastern Rhodope mafic magmas could suppress the crystallization of garnet, causing the crystallization of amphibole instead (Mün-tener et al., 2001) .
With their low-anorthite plagioclase, Krumovgrad gabbros are more similar to those from mid-ocean-ridge and ocean-island gabbros and from tholeiitic layered intrusions (see Beard, 1986) . This is rather surprising, because in a hydrous system like that at Krumovgrad we would expect An-rich plagioclase. The most likely explanation for the low-calcic composition of the Krumovgrad gabbros is the depletion of Ca in the residual melt as the result of the early crystallization of a large amount of highly calcic clinopyroxene. Another possible explanation is the more evolved composition of the melts from which the Krumovgrad gabbroic xenolits crystallized compared to the more mafic lithologies in Kohistan and Tonsina. For example, in the Kohistan and Tonsina sections the most calcic plagioclase ) coexists with pyroxenes of Mg # 87-68 (Khan et al., 1993; DeBari and Coleman, 1989) , whereas the less calcic plagioclase in the lower-pressure gabbros from Kohistan (An 64-40 ) and Tonsina ) coexists with lower-Mg clinopyroxenes . The range of plagioclase in the Krumovgrad gabbros (An 59-40 ), coexisting with clinopyroxene of Mg # 79-55, is similar to that of the lower-pressure Kohistan and Tonsina gabbros and seems to crystallize from more evolved composition. Such a conclusion is in accord with the experiments of Müntener et al. (2001) , who showed that the crystallization of plagioclase-bearing rocks occurs after up to 50% of the primary, mantle-derived magma crystallizes as ultramafic cumulates.
The results of this comparison suggest that the transition between mantle and crust in the eastern Rhodope metamorphic core complexes is similar to that in mature intraocean and continental arcs. The fact that similar xenoliths were found in arc lavas and intraplate basalts, including those erupted in the core complexes, indicates that the processes of mafic magma underplating and formation of large masses of cumulates are similar in both environments.
Parental Magma Composition
Attempts to identify the parental magmas of the pyroxenites from exposed cumulate sections and xenoliths lead to controversial results. Tholeiitic basaltic magma was suggested for the pyroxenites and gabbros in Talkeetna (DeBari and Sleep, 1991; Kelemen et al., 2003) and the gabbro complex in the Val Malenco, eastern Alps (Hermann et al., 2001) . For the xenoliths in Cima volcanic field, southwestern Basin and Range Province, and Penghu island, south China Sea, two different parent magmas were suggested, one of alkaline and another of tholeiitic (Loucks, 1996) 1189-1204 T (°C) Mt-Ilm QUILF 850 Log fO 2 QUILF -13.9 P (kilobars) MA 9.8-13.6 11. affinity. Alkaline parental magma was proposed for the xenoliths from the Pannonian basin, Hungary (Dobosi et al., 2003; Kovács et al., 2004) . The high Mg # of olivine, orthopyroxene, and clinopyroxene of most ultramafic xenoliths and bulk rock websterite from Krumovgrad and their high Ni and Cr contents are consistent with crystallization from a mafic mantle-derived magma. The amphibole and clinopyroxene in the amphibole clinopyroxenite Bz26-2a show a composition and zonation similar to those in megacrysts from the host lava. The amphibole is reversely zoned with iron-rich cores (Mg # 51), surrounded by more Mgrich rims . The clinopyroxene is enriched in TiO 2 and Al 2 O 3 and depleted in SiO 2 . These features are typical of the composition of phenocrysts in the host lamprophyres, suggesting that both megacrysts and amphibole clinopyroxenite Bz26-2a crystallized from closely related melts. The high-NaFe clinopyroxenes in the apatite-sulfide bearing clinopyroxenes and gabbros are analogous to those of the amphibole-apatitebearing clinopyroxenites in southeastern China, which have been interpreted to precipitate from alkali-basalt magma at high pressure (Ho et al., 2000) . High TiO 2 and Al 2 O 3 concentrations and high Na 2 O at a low Mg # are also typical of some clinopyroxenites and gabbros from the Canary islands, which are believed to have crystallized from alkaline melts (Neumann et al., 1999) . Thus, it is inferred that at least some amphibole clinopyroxenites and high-Na-Fe salite clinopyroxenites and gabbros are geochemically linked to alkali-basalt magma.
Cumulate Bodies and Core Complex Formation
Estimation of the depth of crystallization by the method of Nimis (1999) and Nimis and Ulmer (1998) may yield a great deal of uncertainty, exceeding 4 kilobars. Nevertheless, the clustering of most geobarometry results for ultramafic xenoliths around 11-13 kilobars indicates that the base of the ultramafic part of the complex crystallized at depths near 35-40 km, whereas the more evolved two-pyroxene gabbros seem to have equilibrated at 30 km or less. Thus, these data provide evidence for the emplacement of the plutonic rocks within an interval of 10-15 km, which is comparable with the sections of cumulate rocks exposed at the crust-mantle boundary of Kohistan (9 km, Miller and Christensen, 1994) , Tolchina-Nelchina (~9 km, DeBari and Coleman, 1989; DeBari, 1997) , and the Ivrea zone (5-15 km, Quick et al., 1994) . The present-day Moho below the eastern Rhodope area is estimated at ~30-35 km (Velev, 1996; Papazachos and Skordilis, 1998 ), which appears to be ~5-10 km above the base of the equilibration depth of the deepest ultramafic xenoliths.
Uplift of the crust during intrusions of at least three successive intrusive events has been suggested by Rivalenti et al. (1984) to explain the large pressure range (10-6 kilobars) of the cumulate rocks from the Ivrea-Verbano basic complex compared to their smaller actual thickness (~2 km). The amount of uplift is similar to that (~10 km) proposed for the eastern Rhodopes by Krohe and Mposkos (2002) , who suggested a thinning of the crust from 40 to 30 km as the result of Early Teriary extension and exhumation processes. On the other hand, Jull and Kelemen (2001) found that at appropriate conditions in arc settings or regions of crustal extension (e.g., T >1000 °C), a 10 km-thick ultramafic cumulate complex at the base of the crust would delaminate in less than one million years. Available data do not allow evaluation of the role of these two mechanisms in the eastern Rhodope area. However, what is obvious from the spectrum of entrained ultramafic to mafic xenoliths is that cumulate rocks still existed at the time of the extrusion of the intraplate basalts and that if delamination of the lower crust occurred at all, it would have happened after this magmatic event.
Thermal and experimental modeling predicts that the magmatic underplating of large masses of hot magma at the base of the crust may significantly modify its thermal and mechanical properties, thus enhancing deformation and strain localization in an extensional environment (Furlog and Fountain, 1986; Gans, 1987; Wilshire, 1990; Fyfe, 1992; White, 1992; Corti et al., 2003) . Ultramafic to mafic intrusions in the Ivrea zone can be regarded as important examples of such a process. Here, most regional studies have presumed that emplacement of the upper mafic complex provided the heat for regional granulite-facies metamorphism (Rivalenti et al., 1981; Sills, 1984; Sinigoi et al., 1996) and caused significant extension (Quick et al., 1994) . The recent studies of Barboza and Bergantz (2000) , however, demonstrated that the intrusion of the upper mafic complex postdates the prograde regional metamorphism, which the authors associated with the earlier lower mafic complex. Nevertheless, these authors admitted that although intrusion of the upper mafic complex did not cause the regional metamorphism, it provided enough thermal energy to reset mineral assemblages and induce anatexis within an aureole of ~3 km in the overlying supracrustal rocks.
The lack of precise timing of the ultramafic to mafic intrusion and the thermal events in the eastern Rhodope metamorphic core complexes precludes the provision of conclusive evidence for the role of the underplating mafic magma. An early prograde metamorphism of ca. 73.5 ± 3.4 Ma (Liati et al., 2002) is evident in the upper unit. The contemporaneity of this metamorphism with the intrusion of granitoids of ca. 70 Ma (Marchev et al., 2004b) can be interpreted in favor of a causal relationship between this magmatism and metamorphism. Although it is possible that the underplating of the mafic magma coincides with the Upper Cretaceous intrusion, the absence of deformation in the xenoliths suggests that they were formed later, most probably in the age interval of 40-31 Ma. Figure 8 is a schematic illustration of our proposed model for the magmatism, thermal events, and Au deposits in the Krumovgrad area. Overprint and retrogression of the Late Cretaceous metamorphism by younger thermal events is indicated by abundant late Eocene (40-35 Ma) K-Ar (Lips et al., 2000; Krohe and Mposkos, 2002) and 40 Ar/ 39 Ar biotite and muscovite ages (Bonev et al., 2005) , with temperatures reaching 300-350 °C, the blocking temperature of biotite and muscovite. This thermal effect may have been caused by the underplating of mafic magma at the crust-mantle boundary and lower-crustal levels. Intrusion of the mafic magma (Fig. 8A) would have caused modification of the thermal and mechanical properties and extension of the lower and middle crust. Underplated magma would have been cooled for several million years, producing a stratified ultramafic and gabbroic plutonic sequence. Gans and Bohrson (1998) proposed that in some rifts rapid extension of the crust may suppress volcanic activity, leading to widespread synextensional plutonism. Such rapidly extended rifts may be characterized by elevated heatflow and hydrothermal activity (see also Fyfe, 1992) . Early accumulation of magma at greater depths can also explain the older age of the Au mineralization at Ada tepe and the Rosino deposits with respect to the local volcanic activity (Marchev et al., 2004a) . It is interesting to note that similar Au mineralization (e.g., at Picacho, Liebler, 1988; Riverside Pass, Wilkinson et al., 1988; Whipple-Buckskin-Rawhide, Spencer and Welty, 1986) has been established in the core complex structures of the southwestern Basin and Range. According to Sillitoe and Hedenquist (2003) , if the exsolved fluids from the deep-seated mafic magmas ascended rapidly, they could have produced Au veins from silica and Au colloids, similar to those described by Saunders (1994) and Marchev et al. (2004a) .
Late Oligocene intraplate magmatism subsequent to the late Eocene magmatism and thermal metamorphism indicates that there was further upwelling of the asthenosphere under the eastern Rhodopes and decompression melting of the mantle that produced ocean-island basalt-type magmas (Fig. 8B) . This event does not seem to have resulted in prograde metamorphism, probably due to the fast transport of the magma from the asthenosphere to the surface.
CONCLUSIONS
Study of the xenoliths in the Krumovgrad alkaline basalts suggests that the Kessebir and Biala Reka metamorphic core complexes are underlain by masses of ultramafic to mafic plutonic complex of olivine websterites, othopyroxenites, clinopyroxenites, websterites, and gabbros. The crystallization sequence and mineral composition of the xenoliths are typical of ultramafic to mafic sections exposed in island-and continentalarc cumulate complexes and of xenoliths in arc and intraplate lavas. The chemistry of mafic minerals is consistent with deriva- tion of the plutonic sequence from primitive hydrous magma(s). The finding of xenocrystic clinopyroxenes similar to those in xenoliths in the rocks dated 31-32 Ma indicate that the age of intrusion of the ultramafic to mafic complex is considerably older than the host dikes (26-28 Ma). We suggest that the thermal event and late-stage crustal extension and exhumation at 40-37 Ma and the Au deposition at ~36-35 Ma were probably related to the intrusion of mafic magma(s) that produced the layered complex. The later intrusion of intraplate basalts indicates further upwelling of the asthenosphere under the eastern Rhodopes and decompression melting of the hot asthenospheric mantle.
The layered plutonic rocks under the Kesebir and Biala Reka metamorphic core complexes are the best candidates for the roots of the magmatism intruded at the crust-mantle boundary. The underplating of mafic magma(s) seems to have been a fundamental process that caused extension, formation of the metamorphic core complexes, and hydrothermal activity in the eastern Rhodopes, the Basin and Range, and Menderes massif. A further assessment of this model requires additional seismic work in the eastern Rhodope region combined with age and isotopic studies of the xenoliths, local magmatism, and mineralization.
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